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Anatomy of a viral entry platform differentially functionalized by integrins α3 and α6
Jérôme finke 1 , Snježana Mikuličić 2 , Anna-Lena Loster 2 , Alexander Gawlitza 2 , Luise florin 2 & thorsten Lang 1* During cell invasion, human papillomaviruses use large CD151 patches on the cell surface. Here, we studied whether these patches are defined architectures with features for virus binding and/ or internalization. Super-resolution microscopy reveals that the patches are assemblies of closely associated nanoclusters of CD151, integrin α3 and integrin α6. Integrin α6 is required for virus attachment and integrin α3 for endocytosis. We propose that CD151 organizes viral entry platforms with different types of integrin clusters for different functionalities. Since numerous viruses use tetraspanin patches, we speculate that this building principle is a blueprint for cell-surface architectures utilized by viral particles.
Tetraspanins are a family of small membrane proteins, primarily localized at the cell surface. They associate with one another and numerous partner proteins to form tetraspanin enriched microdomains (TEMs) 1 . TEMs are involved in a large variety of basic cellular processes and pathological mechanisms like pathogen entry 2 . For instance, tetraspanin CD151 mediates infections by human papillomavirus (HPV) and human cytomegalovirus 3 .
Apparently, CD151 has a crucial role in the early events of the HPV infection pathway on the cell surface. Here, HPV particles associate with large CD151 patches to which they remain bound to, until they co-internalize with them 4, 5 . Additionally, HPVs associate with aggregates of other tetraspanins 3, 6 and several other viruses colocalize with tetraspanin patches or use tetraspanin assemblies for cell entry as well [7] [8] [9] . These observations lead to the proposal that virus contact with the cell membrane triggers the formation of tetraspanin-based virus entry platforms 6 . Such viral entry platforms would require at least two functionalities: attachment and internalization of the virus.
Tetraspanins could have a role in organizing TEMs by recruiting non-tetraspanin components for virus binding and internalization. Candidates comprise members of the integrin family of cell-adhesion-receptors that (i) interact with CD151, (ii) have a connection to HPV infection, and (iii) are integral part of TEMs. Integrin α6 is a strong candidate as it interacts directly with CD151 10 and, among others, is one of the direct receptors for HPV binding [11] [12] [13] . Hence, integrin α6 may be organized into TEMs for virus binding. Another CD151 interacting integrin is integrin α3 10 . Its role in infection is less clear as it is required for HPV infection of HeLa 5 but not of HaCaT cells 14 .
While integrin α6 mediates virus binding directly, other integrins could be involved indirectly by recruiting other well-established primary receptors such as heparan sulfate proteoglycans (HSPGs) [15] [16] [17] [18] . Alternatively, integrins could mediate outside-in activation of signalling pathways 19 , which could link external virus binding to intracellular processes like endocytosis 20 .
Similar to CD151, integrin α6 and perhaps also integrin α3 are implicated in the infection process of HPV16; it is tempting to speculate that these proteins assemble on the cell-surface to form a viral entry platform. To shed light on this question, we tested the effect of integrin knockdown on infection in a luciferase-based infection assay. Moreover, we studied intracellular virus processing and cell-surface binding by Western blot analysis and microscopy. Finally, we examined the organization of integrin α3, integrin α6 and CD151 by super-resolution microscopy. We found out that both integrins play a role in infection and cellular uptake, but only integrin α6 is required for cell-surface binding. In addition to this, the local density of integrin α3, integrin α6 and CD151 CD151/integrin distribution. Biochemical pulldown assays suggest that integrin α3 and integrin α6 directly interact with CD151 [24] [25] [26] . Consequently, these molecules should co-localize in the cell membrane. For verification, we studied triple co-localization of GFP-labelled CD151, integrin α3 and integrin α6 in the cell membrane. We employed cell-free membrane sheets to assure that we examine only plasma membrane associated proteins. Furthermore, STED super-resolution microscopy was employed, which enabled us to resolve diffraction limited signals into smaller spots (Fig. S4 ).
In the case of integrin α3 and integrin α6, the majority of the intensity maxima in the cell membrane are well-defined spherical structures with an average diameter of 106 nm and 157 nm, respectively ( Fig. 3A,B) . The sizes show a lognormal distribution, in particular for integrin α3 (Fig. S5 ). After correcting for the blurring by the point spread function (PSF) of the microscope, we obtained a size of 84 nm and 123 nm for integrin α3 and integrin α6 maxima ( Fig. S6 ), respectively. Integrin α3 maxima are less numerous, likely because its expression level is lower when compared to integrin α6 27 . CD151-GFP maxima are larger than 200 nm and less-defined, with more background signal in their neighbourhood (Fig. 3A) . Correction for the PSF yields a diameter of 189 nm. The lower signal-to-noise ratio is due to the lower signal intensity of the nanobody staining applied for the visualization of CD151-GFP in STED microscopy. CD151-GFP maxima size and density depend on the expression level similar to endogenous CD151 maxima. Moreover, CD151-GFP and endogenous CD151 occupy the same domains ( Fig. S7 ).
Studying the relationship between the different protein maxima, we find that a high fraction of integrin α3-signal overlaps with integrin α6and CD151-GFP-signals ( Fig. 3C ). The overlap between CD151-GFP or integrin α6 with the respective other two components is lower (Fig. 3C ). The average distance of a CD151-GFP maxima-centre to the centre of its nearest integrin α3 or integrin α6 maxima is 144 and 107 nm, respectively (Fig. 3D ). The distances are in the range of the maxima sizes which suggests that the maxima do not perfectly overlap but are closely associated.
Figure 1.
Integrin α3 or integrin α6 knockdown inhibits viral capsid processing and infection. Integrin α3 or integrin α6 were knocked down in HaCaT cells by siRNA transfection (for knockdown efficiency see Fig. S1 ). (A) Two days after transfection, cells were incubated for 24 h with HPV16 PsVs, washed, lysed and analyzed by Western blot for the viral protein L1 and its ~25 kDa cleavage product. For clarity, lanes were cropped from original blots shown in full in Fig. S14 (L1) and S15 (actin). Values were related to the control which was set to 100% and are given as means ± SD (n = 3 independent experiments). (B,C) Two days after transfection, cells were incubated for 5 h with HPV16 PsVs, washed fixed, stained with an antibody that recognizes L1 after capsid disassembly, and imaged by confocal microscopy taking an optical section from the cell body. (B) Actin (cyan) and L1-7 (inverted greyscale) each are displayed at the same arbitrary scaling (linear lookup tables). From the optical section (B), an image analysis algorithm counted the number of detected vesicles per cell (C) and quantified the vesicle staining intensity (Fig. S2 ). Values are given as means ± SD (n = 60 analysed cells collected from three biological replicates). (D) HaCaT cells were transfected and incubated with PsVs as in (A) with the difference that on the encapsidated plasmid luciferase expression is under the control of the www.nature.com/scientificreports www.nature.com/scientificreports/ integrin α6 has a role in viral particle binding and integrin α3 is required for internalization. In control cells, PsVs reduce the CD151 level by ≈20% ( Fig. 6B ), confirming the idea that CD151 in the basal membrane is reduced upon PsV incubation 5, 28 . In the integrin α6 knockdown, PsV-binding is decreased by ≈55% ( Fig. 6C ). As less PsVs bind, the PsV-triggered reduction of cell-surface CD151 is abolished in the knockdown condition ( Fig. 6B ). It should be noted that in the knockdown less PsV binding and abolished PsV-triggered CD151 reduction occur on a lower CD151 level, since integrin α6 knockdown reduces the level of cell surface CD151 to ≈67% (Fig. 6B ).
Integrin α3 knockdown does not reduce the CD151 cell-surface level (Fig. 6E ) or the amount of PsVs bound to the cell surface ( Fig. 6F ). However, it diminishes the PsV-induced reduction of CD151 ( Fig. 6E ). As PsV binding is not affected, diminished CD151 internalization after knockdown suggests a role of integrin α3 in endocytosis. Fig. 5 , viral particles associate with CD151 cluster crowds (see also Fig. 7A and magnified view in Fig. S9 ), and may therefore co-internalize with several CD151 clusters. If PsVs concentrate CD151 clusters, and concentration is followed by actin accumulation at cluster crowds, PsVs should increase the overlap between CD151 and actin. In fact, we find an increase in overlap by ≈50% in the presence of PsVs ( Fig. 7B ).
CD151 patches overlap with actin accumulations. As shown in

Discussion
CD151/integrin distribution. Here, we studied the organization of CD151, integrin α3 and integrin α6 in the cell membrane. None of the three protein types is evenly distributed but rather concentrates in segregated maxima which have a diameter in the 100-200 nm range ( Fig. 3B and S5 ). Determination of the exact size is difficult as the lognormal distribution of the maxima sizes ( Fig. S5 ) suggests that our STED microscope cannot resolve size differences within the fraction of smaller maxima. Hence, as smaller maxima appear larger, we overestimate the average size. On the other hand, the smallest maxima may arise from single proteins and therefore are not protein clusters anyway. In any case, the data suggests that most maxima do not arise from single molecules but from larger aggregates as protein clusters, that typically are in the same size range as protein clusters formed by other proteins [29] [30] [31] .
However, the more relevant parameter is the distance between the maxima, as it allows differentiating between evenly mixed components in the same biological structure and closely associated but not mutually penetrating maxima. In the first case the maxima distance would be zero, in the latter case it is the sum of the radii of the two associated maxima. In this study, the inter-maxima distances range from 100-300 nm ( Fig. 3D ) and clearly point to closely associated maxima (see magnified view of the overlay in Fig. 3A ). It should be noted that in this experiment CD151 was overexpressed. CD151-GFP and endogenous CD151 maxima depend in the same fashion from the expression level ( Fig. S7A-D) ; overexpression increases the number of maxima, accompanied by a moderate increase in maxima size. On the other hand, the maxima density is underestimated due to the low-signal-to noise ratio of the nanobody (please note that the maxima density of CD151-GFP is lower than for endogenous CD151 (Fig. S7B,D) ). This does not affect the CD151-integrin distances (107-144 nm; Fig. 3D ) but leads to an overestimation of the CD151-CD151 inter-maxima distances (314 nm; Fig. 3D ). Despite of this overestimation, we can safely conclude that the CD151 and integrin maxima do not perfectly overlap but are very close to one another. In other words, the three maxima types group together.
Association of PsVs with CD151/integrin clusters. Viral particles associate with large cluster crowds ( Fig. 5 ) which they may induce. The induction of large cluster crowds by viral particles is suggested by previous studies which employed tetraspanin overexpression 3, 32 . It is possible that overexpression of tetraspanins promotes the growth of the tetraspanin crowds (see below), amplifying an otherwise moderate viral particle patching effect. In any case, our data would be also in line with a preference for associating with larger cluster crowds instead of inducing them. Altogether, we suggest that these crowds are entry platforms with a composition different from the rest of the cell membrane. On the level of individual PSV attachment sites, platform size and composition are highly variable ( Fig. S12 ), perhaps because the analysis covers a full range of states from early to fully formed platforms. We speculate that a fully formed platform, briefly before internalization, is best represented by the example mentioned above with at least 9 + 22 = 31 clusters (not including integrin α3) in an area of 1 µm 2 .
HPV dynamics at the cell membrane are complex, slow and unsynchronized 4,33-37 ; however, they end with HPV internalisation. Earlier TIRF microscopy live imaging of plasma membrane events exemplified how only viral particles which are associated with a large CD151 aggregate internalize (here the aggregates were not resolved into smaller clusters). Moreover, upon internalisation, viral particles and CD151 signals both disappear from the TIRF field, indicating their co-internalisation 5 . In our experiments PsVs diminish the level of CD151-GFP by 22% ( Fig. S9 ; see also Fig. 6B for a 20% diminshment of endogenous CD151), integrins diminish less. Effects are small because of (i) systematic underestimation (also uninfected cells are included in the analysis) and (ii) maxima are much more numerous than virus particles, so that viral particles can affect only a small maxima subpopulation. However, the data suggest that these components and PsVs are co-internalized, in line with the above-mentioned live imaging experiment.
HPV16 promoter instead of the CMV promoter. One day after adding PsVs, cells were lysed and the infection rate was assessed by analysing the luciferase activity. For normalization to cell number, luciferase activity was related to the dehydrogenase activity. Values are expressed as percent of control (average of control was set to 100%). Values are given as means ± SD (n = 20-21 technical replicates collected from five biological replicates). Unpaired Student's t-test, comparing control to knockdown conditions (***p < 0.001; **p < 0.01).
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www.nature.com/scientificreports www.nature.com/scientificreports/ Moreover, these earlier TIRF imaging experiments demonstrated that several hours after virus addition, about 80% of virus particles that are associated with large CD151 accumulations were internalized within a time frame of 2 to 4 minutes. Together with the findings of this study, the data indicate that virus particles are rapidly internalized after formation of the mature entry platform. Consequently, we likely see only very few fully formed platforms.
Attached PsVs are not closer to integrin α6 than to other maxima ( Fig. 4 ). Perhaps this is because of clusters being reservoirs of active molecules 38 , representing only the non-interacting protein pool. In this case, PsVs could still be directly bound to integrin α6, although not to clusters but to single molecules released from the clusters into the platform area. Clusters being reservoirs would also explain the absence of perfect overlap between CD151-and integrin-maxima, as only molecules at the cluster peripheries interact. Alternatively, PsV binding to its receptor can decrease the accessibility of the antibody, which would also lead to a lack of signal overlap. However, it is possible that viral particles bind to another type of primary receptor in the platform, most likely HSPGs 36, 39 , which would explain why half of the viral particles are still bound to the cells after knockdown, despite of a relatively high knockdown efficiency. Certainly, there must be more proteins in the platform, as for instance the tetraspanin CD63, which after PsV-contact with the cell-surface forms very similar patches or cluster crowds 3, 4 . Other candidates are growth factor receptors which associate with CD151 and HPV16 28, 40 . Moreover, integrins are present as heterodimers, possibly associating with molecules that couple integrin signalling to the cytoskeleton. Perhaps virus associated CD151 patches overlapping with actin accumulations (Fig. 7 ) are focal adhesion related signalling hubs linking intracellular actin bundles to extracellular components 41 . In line with this idea is focal adhesion kinase (FAK) being activated during HPV infection 21 .
CD151 likely has a role in the recruitment of integrins into TEMs [42] [43] [44] [45] . The association with integrins is crucial, as CD151 mutants incapable of binding to integrins are unable to recover susceptibility to infection in CD151 depleted cells 5 . Additionally, CD151 may be necessary due to its requirement for co-transport of integrin α6 to the cell surface. CD151-integrin association occurs early during biosynthesis 46 , notably also with integrin α6 precursor forms 47 . Hence, co-transport of integrin α6 and CD151 from the ER to the cell membrane can explain the reduction in CD151 after integrin α6 knockdown ( Fig. 6B ). Mutually, integrin α6 increases upon overexpression of CD151-GFP ( Fig. S13 ), supporting the idea of co-transport. (Fig. S7E ,F) and CD151-GFP is as functional as non-tagged CD151 (Fig. S8 ). One day after transfection, cells were treated for 5 h without or with PsVs ( Fig. S9) , washed, membrane sheets were generated, stained and analyzed by three channel STED microscopy. Green lookup table, CD151-GFP visualized by nanobodies; red and cyan lookup tables, integrin α6 and integrin α3 stained by antibody labeling, respectively. Images are displayed at arbitrary intensity scalings (linear lookup tables). Staining with the integrin antibodies is highly specific (Fig. S1 ). (A) Large panel, membrane sheet (channel overlay). The white box marks an area from which magnified views of the individual channels are shown. From regions of interest (ROIs) we measured (B) maxima size and signal overlap (C). For (C), for all three channels within a ROI the pixels with an intensity higher than the average ROI intensity were selected. Then, the number of pixels positive in all three channels were related to the number of all positive pixels in one specific channel as indicated. (D) Shortest inter-maxima distances of CD151-GFP to CD151-GFP, integrin α3 or integrin α6. Values are given as means ± SD (n = 60 membrane sheets collected from three biological replicates). PsVs, we plotted their nearest distance to a CD151 and an integrin α6 maximum (the analysis includes 4452 PsVs from 57 membrane sheets collected from three biological replicates). (D-F) As in (A-C) but cells were analysed and we stained for integrin α3 (the plot in F includes 8519 analyzed PsVs from 60 cells collected from three biological replicates). The pattern of PsV binding to the cell membrane looks the same on cells and membrane sheets (Fig. S10 ). Values are given as means ± SD (n = 57 membrane sheets or 60 cells, each collected Scientific RepoRtS | (2020) 10:5356 | https://doi.org/10.1038/s41598-020-62202-9
www.nature.com/scientificreports www.nature.com/scientificreports/ Roles of integrin α6 and integrin α3. Studies employing co-immunoprecipitation and flow cytometry indicate that HPV binds directly to integrin α6 [11] [12] [13] . On the other hand, it is also assumed that the HPV capsid protein binds to a set of primary receptors different from integrin α6 16, 39 , undergoes conformational changes and is then transferred to a secondary receptor complex 34, [48] [49] [50] which could be part of a TEM. Our experiments do not allow to differentiate between these binding states which may coexist in the same cell membrane. Integrin α6 knockdown diminishing PsV-binding to 45% (Fig. 6C ) confirms one substantial thing: integrin α6 is an important factor for virus attachment; nevertheless, the remaining 45% could be viral particles bound to the ECM or HSPGs acting in HaCaT cells as primary attachment sites 16, 51 , or to additional components such as growth factor receptors 40 .
Integrin α3 is not necessary for virus binding, as PsV binding to the cell surface after knockdown was reduced poorly in our Western blot analysis, in contrast to integrin α6 (Fig. 2) . Moreover, in microscopy, knockdown does not affect the PsVs detected at the basal cell membrane (Fig. 6F ). However, integrin α3 is required for endocytosis as its depletion reduces all virus post-binding steps such as the PsVs induced reduction of the CD151 cell-surface level (Fig. 6E ), L1 cleavage (Fig. 1A) , capsid disassembly (Fig. 1C ) and infection rate (Fig. 1D) .
A role of integrin α3 in HaCaT cell infection contrasts a study by Aksoy et al. in which integrin α3 depletion had no effect 14 . However, this may be due to a lower multiplicity of infection and a different reporter system for infectivity in the mentioned study, which was a GFP reporter system in combination with flow cytometry.
Integrins are important players in signal transduction during HPV infection 21, 52, 53 and integrin α3 could be an indirect effector. Integrin signalling (phosphoinositide-3-OH kinase (PI3K), FAK) is activated during HPV infection 21, 53 . Interestingly, FAK is required for HPV uptake to early endosomes 21 and integrin αv mediated internalization of adenovirus requires PI3K 54 . Integrin signalling could trigger intracellular actin dynamics [55] [56] [57] which engulf the membrane. Hence, by binding simultaneously to several clusters, viruses may induce platform formation, actin reorganization, cell signalling, and finally endocytosis.
In a recent study, integrin α3 was shown to be directly involved in EGFR signalling 58 ; this can be connected to a report showing that ADAM17-mediated EGFR signalling is involved in HPV entry platform formation and infection. Here, cell surface CD151 association with viral particles was dependent on EGFR mediated signalling 28 . Hence, integrin α3 may be required to sustain EGFR signalling as a prerequisite for HPV internalization. Additionally, integrin α3 signalling also seems to enhance the viral promoter activity (Fig. S3 ). Therefore, integrin α3 could influence signal transduction events not only for endocytosis, but for viral gene expression as well.
Platforms and actin. The platform areas are sites of intracellular actin accumulation (Fig. 7) . It is tempting to speculate that their maturation is accompanied by the intracellular accumulation of actin which is followed by endocytosis of the platform.
Our study explains a finding by Shigeta et al., where incubation of epidermal cells (A431) with anti-CD151 antibodies results in patched CD151-GFP co-localizing with actin 57 . Interestingly, treatment with anti-integrin α3 antibody had the very same effect, suggesting each antibody crosslinks the same cellular entity. This supports the idea of viral entry platform components defined by these molecules. Moreover, crosslinking of proteins from the extracellular site by antibodies or viral particles may be sufficient for triggering intracellular actin accumulation.
CD151 is involved in cytoskeletal reorganization 57 and HPV internalization is an actin-dependent process 35, 59 . We speculate that virus entry requires a considerable amount of CD151 clusters because for internalization actin-reorganization must be coordinated over a larger membrane area. The growth size of the platform may depend on the density of CD151 or other tetraspanin clusters and could therefore differ between cell types, and be influenced by overexpression as well. In the example shown in Fig. 7 CD151-GFP is overexpressed and the shown patches are larger than the platforms in Fig. 5 , possibly due to an increased density of CD151 clusters which could have a promoting effect on the process of patching.
Conclusion
To date, we are just at the beginning of understanding viral entry platforms. Actually, we only know that on the cell surface viruses use large patches of tetraspanins for entry. This study reveals the nano-architecture and functionalization of these platforms. We propose a model of a tetraspanin-organized viral entry platform with integrin α6 for virus attachment and integrin α3 for endocytosis. TEMs were shown to organize entry or budding sites for hepatitis C virus, coronavirus, influenza A virus and HIV, suggesting such platforms are widespread in viral infections 2,6,60 .
Materials and Methods
Antibodies and plasmid. Three HPV16 specific antibodies, a rabbit polyclonal antibody K75 (diluted 1:1000 for immunofluorescence (IF)) and mouse monoclonal antibodies 16L1-312F (diluted 1:200 in IF) and L1-7 (diluted 1:500 in IF) were described previously 23, 61, 62 . A mouse monoclonal antibody raised against GFP was obtained from Abcam (diluted 1:100 in IF; clone 9F9.F9, cat# ab1218, Cambridge, UK), a mouse monoclonal antibody against CD151 from Bio-Rad (diluted 1:100 in IF; clone 11G5a, cat# MCA1856, Hercules, CA), a mouse monoclonal against integrin α3 from Santa Cruz (diluted 1:100 in IF and 1:1,000 in Western blot (WB); clone A-3, cat# sc-374242, Dallas, TX), a rabbit polyclonal against integrin α6 from Thermo Fisher (diluted 1:200 in from three biological replicates). Statistical analysis was performed employing the unpaired Student's t-test comparing the original to the flipped images (***p < 0.001). Red boxes frame viral particles potentially used for further analysis of the platform area ( Fig. 5 ). Only PsVs were considered that were closer than 250 nm to bright CD151/integrin maxima.
Figure 5. Local crowding of clusters at virus attachment sites.
To characterize the anatomy of a possibly forming viral platform area, we selected those PsVs from Fig. 4C ,F with a distance smaller than 250 nm to both a bright CD151 and integrin maximum (for examples see centrally located PsVs in the left panels in A and B). In a PsVcentred 1 µm × 1 µm ROI the number of bright maxima (see methods) in the CD151 and integrin channels were counted. The same was performed after flipping the CD151/integrin channels, causing a randomized relationship between PsV-attachment sites and maxima (A and B, right panels). In the original images more closely associated maxima are present at sites of PsV-attachment. Images are displayed in cyan (PsV) green (CD151) and red (integrin) at arbitrary intensity scalings (linear lookup tables). (C,D), quantification of the bright maxima in the 1 µm × 1 µm ROI. Values are given as means ± SD (n = 678 (C) and 283 (D) 1 µm × 1 µm ROIs, respectively). Statistical analysis was performed employing the unpaired Student's t-test comparing the original to the randomized condition (***p < 0.001). Please note, that the number of clusters per attachment site was highly variable. For a histogram illustrating the variability see Fig. S12 . . (B) For the CD151 and the actin channels, within a freehand ROI excluding membrane edges, the pixels with an intensity higher than the average ROI intensity were selected. Then, the number of pixels positive in both channels were related to the number of all positive pixels in the CD151 channel. Values are given as means ± SD (n = 45 membrane sheets collected from three biological replicates). Unpaired Student's t-test (***p < 0.001).
IF and 1:1,000 in WB; cat# PA5-12334, Waltham, MA), a mouse monoclonal against L1 from Novus Biologicals (diluted 1:2,000 in WB; CamVir 1, cat# NB100-2732, Centennial, CO) and rabbit monoclonal antibodies against β-Actin (diluted 1:4,000 in WB; clone 13E5, cat# 4970) and CD151 (diluted 1:500 in IF; clone E9M8T, cat# 81626) from Cell Signaling Technology (Danvers, MA).
As secondary antibodies, we employed AlexaFluor488 labelled donkey anti-mouse (cat# A-21202), AlexaFluor594 donkey anti-mouse (cat# A-21203) and AlexaFluor488 goat anti-rabbit (cat# A-11034) from Invitrogen (Carlsbad, CA). Antibody Atto647N goat anti-rabbit (cat# 40839) was obtained from Sigma-Aldrich (St. Louis, MO) and AlexaFluor 594 donkey anti-rabbit (cat# ab150064) from Abcam. STAR RED goat anti-rabbit (cat# STRED-1002) and STAR RED goat anti-mouse (cat# STRED-1001) were obtained from Abberior Instruments (Goettingen, Germany).
GFP-Booster Atto488 (cat# gba488) was obtained from Chromotek (Planegg-Martinsried, Germany). IRDye secondary antibodies for Western blot detection were 800CW goat anti-mouse (cat# 925-32210), 800CW goat anti-rabbit (cat# 925-32211) and IRDye ® 680RD goat anti-rabbit (cat# 925-68071) from Li-Cor (Lincoln, NE). A plasmid encoding CD151-GFP was described and used previously (pEGFP-C1/CD151 5 ).
Production of pseudoviruses/EdU-PsVs. HPV16 PsVs were prepared as previously described 63 . In brief, expression plasmids carrying codon-optimized L1 and L2 64 expression vector pShell 16L1/L2wt 65 were co-transfected with a pcDNA3.1 luciferase reporter plasmid 66 into HEK 293TT cells using polyethylenimine. For PsVs used in infection assays, the pcDNA3.1 luciferase reporter plasmid was replaced by the promoter-reporter plasmid pGL4.20 containing the HPV16 long control region (LCR) and the HPV16 early promoter regulating the luciferase expression as described earlier 67, 68 . HaCaT cells were maintained in high glucose (4.5 g/l) DMEM (cat# P04-03550 PAN Biotech, Aidenbach, Germany) supplemented with 10% fetal bovine serum (cat# S0615, Biochrom AG, Berlin, Germany) and 1% penicillin-streptomycin working solution (cat# P06-07100, PAN Biotech) at 37 °C and 5% CO 2 . For infection, rescue, and promoter assays, HaCaT and HeLa cells were maintained in DMEM/FCS as above, 1% MEM non-essential amino acid solution (cat# M7145-100 ML, Sigma Aldrich), and 5 µg/ml ciprofloxacin (Fresenius Kabi, Bad Homburg vor der Hoehe, Germany).
Cell line identities were confirmed by Short Tandem Repeat (STR) analysis (Mycrosynth AG, Balgach, Switzerland). Cell lines were tested negative for mycoplasma employing a mycoplasma detection kit (MycoAlert PLUS Mycoplasma Detection Kit, Lonza, Koeln, Germany) and by Microsynth Real-Time PCR analysis (order ID 004264 and 004266; Microsynth, Lindau, Germany).
For transfection with pEGFP-C1/CD151, HaCaT cells were detached by incubation for 10 min in trypsin solution (cat# P10-0231SP, PAN Biotech). Trypsin activity was stopped by adding culture medium. Cells were washed once in DPBS (cat# P04-36500, PAN-Biotech), resuspended in cytomix solution (120 mM KCl, 10 mM KH 2 PO4, 0.15 mM CaCl 2 , 2 mM EGTA, 5 mM MgCl 2 , 25 mM HEPES-KOH, pH 7.6), and 2 × 10 6 cells were transferred together with 15 µg plasmid DNA into an electroporation cuvette. HaCaTs were electroporated with a Gene pulser Xcell electroporation system (Bio-Rad, Hercules, CA) employing 200 V, 950 μF and 200 Ω. Cells were plated onto poly-L-lysine-coated (PLL) glass-coverslips (~3 * 10 5 cells/coverslip), incubated for 24 h in culture medium at 37 °C, and used for experiments.
For siRNA knockdown, we employed the following pooled duplex siRNAs: for integrin α6, α6#1 (GGAUAUGCCUC CAGGUUAA 
L1-cleavage assay.
HaCaT cells were seeded onto 6 well-plates (100,000 cells/well), and the next day transfected with siRNAs. Two days later, medium was replaced with medium without antibiotics, supplemented with PsVs (4 * 10 7 vge per well) and incubated for 24 h at 37 °C. Cells were washed extensively three times with ice-cold PBS (this treatment does not remove plastic-adsorbed viral particles). Afterwards, cells were lysed in Lämmli buffer (63 mM Tris-HCl, 2% w/v SDS, 10% w/v Glycerol, pH 6.8 in ddH 2 O) supplemented with 5% β-mercaptoethanol. Cell lysates were vortexed, boiled for 10 min at 95 °C and stored at −20 °C until SDS-PAGE and Western blot analysis.
PsV-binding assay. HaCaT cells were seeded onto 6 well-plates (100,000 cells/well), and the next day transfected with siRNAs. Two days later, medium was replaced with ice-cold medium without antibiotics, Infection and promoter assay. For luciferase-based infection and promoter assays, HaCaT cells were seeded in 24-well plates (30,000 and 70,000 for the infection and promoter assay per well, respectively) and cultured in medium without antibiotics. The next day cells were transfected with siRNA. For infection assays, 48 hours after siRNA transfection the cells were infected with approximately 1 * 10 7 vge per well and incubated for additional 24 hours prior to analysis. For promoter assays, 24 hours after siRNA transfection, cells were transfected with pGL4.20 HPV16 LCR luciferase reporter plasmid 67,68 using polyethylenimine. After 24 hours, luciferase activity was measured.
For the analysis of luciferase activity, cells were washed once with phosphate-buffered saline (PBS) and lysed in Cell Culture Lysis Reagent (Promega, Fitchburg, MA, USA). After 30 minutes of shaking in 250 μl lysis buffer, the cells were transferred to tubes, centrifuged, and 150 μl of the supernatant was measured for luciferase counts. For normalization of the activity to the number of cells, we determined the activity of the constitutively expressed lactate dehydrogenase (LDH) using the CytoTox-ONE ™ Homogeneous Membrane Integrity Assay (Promega).
Both, luciferase and LDH activities were measured by the Tristar LB 941 luminometer (Berthold Technologies, Bad Wildbad, Germany). CD151 rescue. HeLa cells were transfected with CD151 specific siRNA (CACAUACAGGUGCUCAAU AAAdTdT (Sigma Aldrich)) targeting the 3′-untranslated region (3′UTR) of the CD151 gene but not affecting expression of the protein from the transfected CD151-encoding plasmids 5 using RNAiMAX Lipofectamine transfection reagent (Invitrogen) according to the manufacturer's instructions. After 24 hours, cells were transfected with plasmids encoding for CD151 WT 26 , pEGFP-C1/CD151 or control plasmid pcDNA3.1 (Invitrogen, San Diego, CA) using Lipofectamine 2000 (Invitrogen). After 24 h, the cells were incubated with 100 vge per cell for another day and the infection rate was measured.
Immunostaining. Untransfected, pEGFP-C1/CD151 or siRNA transfected HaCaT cells were plated onto PLL-coated glass-coverslips that were placed into 6-well plates. After one, or in the case of siRNA transfection two days, cells were incubated for 3-5 h without or with 4 * 10 7 vge per well in culture medium without antibiotics. Afterwards, cells were extensively washed twice in PBS. Cells were immunostained directly or after membrane sheet generation. Membrane sheets were generated in ice-cold sonication buffer (120 mM potassium glutamate, 20 mM potassium acetate, 10 mM EGTA, 20 mM HEPES, pH 7.2) essentially as previously described 70 , with the difference that several 100 ms ultrasound pulses were applied at different coverslip locations.
For immunostaing, cells or membrane sheets were fixed in 4% PFA in PBS for 30 min at room temperature. The fixation solution was removed and residual PFA was quenched with 50 mM NH 4 Cl in PBS for 30 min. Then, cells and membrane sheets were permeabilized with 0.2% Triton X-100 in PBS for 2 min and 1 min, respectively. In experiments in which EdU-PsVs were used one additional step was performed, which was click-labeling of the plasmid DNA with fluorescein for 30 min at RT according to the manufacturer's instructions (EdU Click 488 kit, Carl Roth, cat# 7773.1). Afterwards, the sample was blocked with 3% BSA in PBS for 30 min.
In experiments in which the rabbit monoclonal anti-CD151 antibody was used in combination with the monoclonal antibody against integrin α3, methanol fixation was employed. Samples were fixed in 100% methanol for 15 min at −20 °C, washed three times with PBS and blocked.
Staining with primary antibodies was performed in 3% BSA for 1 h at room temperature (RT) or in knockdown experiments and for triple co-localization overnight at 4 °C. Afterwards, samples were washed in PBS and incubated with secondary antibodies (diluted 1:200 in 3% BSA in PBS) for 1 h at RT. For F-Actin staining, Phalloidin-iFluor647 (Abcam, cat# ab176759) was used. According to the manufacturer's instructions, a 100× STED super-resolution and confocal microscopy. For STED and confocal microscopy, a 4-channel easy3D super-resolution STED optics module (Abberior Instruments) coupled with an Olympus IX83 confocal microscope (Olympus, Tokyo, Japan) and equipped to an UPlanSApo 100 × (1.4 NA) objective (Olympus, Tokyo, Japan) was used. Atto488 and Alexa488 were excited with a 485 nm laser and recorded with combined 500-520 nm and 532-558 nm filters. Alexa594 was excited with a 561 nm laser and recorded with a 580-630 nm filter. Atto647N, STAR RED and iFluor647 were excited with a 640 nm laser and detected with a 650-720 nm filter. The pinhole size was set to 60 µm. For STED microscopy, pulsed STED lasers 595 nm (for Alexa488 and Atto488) and 775 nm (for Alexa594, Atto647N, and STAR RED) were used for depletion. STED images were recorded via a time-gated detection with 0.75 ns delay and 8 ns gate width. Depending on the experiment, pixel size was set to 20-40 nm.
For intracellular vesicles visualized with the L1-7-antibody ( Fig. 1B) , the cell body was recorded in the focal plane where most vesicles were visible. In all other experiments, the focal plane was adjusted to the basal membrane area.
Epifluorescence microscopy. After immunostaining, samples were washed with PBS and imaged directly in PBS containing 1-(4-tri-methyl-ammonium-phenyl)−6-phenyl-1,3,5-hexatriene p-toluene-sulfonate (TMA-DPH; cat# T-204, Invitrogen) for the visualization of membranes. Imaging was performed with an Olympus IX81 fluorescence microscope essentially as described previously 32 .
Image analysis.
For image analysis the program ImageJ was used. Regions of interest (ROIs) were placed in one reference channel and propagated to the other channel(s). For fluorescence intensity measurements, mean intensity values within the ROIs were corrected for local background intensity from a ROI placed outside of the cell or membrane sheet.
For analyzing maxima or vesicle parameters (density, size, distances and fluorescence intensity), a custom ImageJ macro was used. The macro is based on the ImageJ function "Find Maxima" which was employed for the detection of maxima. Prior to analysis, images were smoothed with a Gaussian blur (σ = 1) to reduce pixel noise and thereby improve maxima detection. The coordinates of detected maxima were used for further analysis. For maxima intensity, a 2 pixel radius circular ROI was placed at the maxima location and the mean intensity value was measured. Maxima with a low mean intensity (depending on the experiment <1-3 a.u.) were excluded from the further analysis. For inter-maxima distance analysis, the nearest neighbor of each maxima in the same or the other channel was calculated. To this end, first all distances between one and the other maxima were calculated, followed by extracting the shortest one. The maxima size was determined by applying a vertical and a horizontal 31 × 3 pixel line scan at the maxima position. A Gaussian function was fitted to the intensity distribution. The full width at half maximum (FWHM) of the Gaussian was taken as maxima size. Depending on the best fit quality, the size value was taken either from the horizontal or vertical scan. Maxima with a fit quality of R 2 < 0.8 and a non-centered peak (not in the middle third of the linescan) were excluded. For each individual cell or membrane sheet, all maxima parameter values were averaged. The maxima density was obtained by relating the number of maxima to the size of the analyzed area.
For the characterization of the platform area, we placed a 1 µm × 1 µm ROI centered to the PsV location. We counted only the brighter maxima, setting 8, 11, 15, and 14 intensity counts as threshold for CD151-rabbit antibody-, CD151-mouse antibody-, integrin α3-antibodyand integrin α6-antibody stained maxima, respectively.
Colocalization was also analyzed with a custom ImageJ macro. The macro is based on ImageJs built-in autothresholding function. A value of three intensity counts was substracted to avoid selecting background in images with weak signal. Images were smoothed with a Gaussian blur (σ = 1) to enhance edge detection. Within the ROI, the image was segmented with the autothresholding method "Mean". The segmented area from one channel was compared to the segmented area from a second (for double colocalization) and a second/third channel (for triple colocalization), and the overlapping area was calculated. Colocalization was calculated as the ratio of overlapping pixels to total pixels. Alternatively, a custom ImageJ macro was used for calculation of the Pearson correlation coefficient (PCC) from ROIs placed onto cells or membrane sheets.
